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a b s t r a c t
To establish the human body model to analyze the heat and moisture transfer on
body surface, a new explicit definition of rational L-recursion surface is given and the
L-recursion surfaces, in Grassmann spaces, are constructed by using blossom method of
the homogeneous normal pyramid form. Based on our human body model, the balance
theory of garment simulation, the heat and moisture transfer balance equations, called
ICAD-balance equations are obtained. The balance theory of garment simulation integrally
studies the complex system of human body–fabric–environment. At the same time, the
method of obtaining the heat and moisture transfer balance equations is also based on the
mass conservation law, the energy conservation law and the Fish law of capillarity. A finite
volume method is employed to solve the ICAD-balance equations.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Comfortability and aesthetic property are the most important ingredients of influencing consumers to choose garments
and the most important ingredients of comfortability includes thermal-wet (heat and moisture transfer), tactile, and
pressure [1]. The balance theory of garment simulation [2,3] studies themodeling of the geometric surfaces of human bodies
and cloths, and finds their balance (continuity) conditions. In fact, how to obtain the balance equations is the main content
of the balance theory. The balance equations are obtained based on some physical laws such as the physical characteristics
of fabric, force conditions, the heat transfer (e.g. conduction, convection, radiation, and transform) law, and the moisture
transfer (e.g. molecular diffusion, capillary effect, and diffusion of turbulence) law. Balance theory of garment provides a
good tool for customized clothing design, electronic mirror for clothing-test-platform, and the research of the comfortable
evaluation of cloths.
Since the late 1970s, researchers have realized that the human body, fabric and the environment compose an intrinsic
connected system, and heat and moisture transfer balance is the main ingredient of this human body–fabric–environment
system. The study of this systemhas affinitive relationship to the human’s comfortability. In this paper, we establish the heat
andmoisture transfer balance equations, called ICAD-balance equations, based on five assumptions and three basic physical
laws. The finite volumemethod is used to solve the ICAD-balance equations. Both system simulation and experiment results
show that ICAD-balance equations can efficiently simulate the reality.
How to construct human body model is an important issue in balance theory of garment simulation. In general, the
human bodymodel in garment simulation system is based on space rectangular mesh [4], but it is very difficult to construct
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Fig. 1. The structure of fabric and the capillary phenomenon.
and parameterize a space rectangular mesh. The rational L-recurrent surfaces obtained by Blossom method can be used to
overcome this difficulty, since the rational L-recurrent surfaces are more flexible in definition and simple in calculation. In
Refs. [4–6], with the needs of particular applications, a general definition of recursion surfaces, the so-called L-surfaces, was
given. For its application in the balance theory of garment simulation system, this paper gives a new explicit definition
of rational L-surface. Then, the blossom method [7,8] is used to produce the L-surface by the normal pyramid form in
Grassmann space, where Grassmann space means a linear space formed by the particles and the vectors [9].
2. Heat and moisture transfer balance theory of garment simulation
2.1. Construct the heat and moisture transfer balance equations
One’s cloth is just as his/her second layer skin. Therefore, the character of thermodynamics of the cloth is important for
his/her feeling of comfort or not. Heat and moisture transfer balance theory discusses the transfer of heat and moisture
among human body, fabric and environment. The heat and moisture transfer balance equations are obtained based on the
mass conservation law, the energy conservation law and the Fish law of capillarity.
To obtain the heat and moisture transfer balance equations, we assume the following.
The volume of a fabric does not change during absorbing moisture.
The inertia force of liquid water flow is and should be neglected.
The outer air convection (e.g. the wind blow) is and should be neglected.
The cloth is even, i.e., the structure of fiber (e.g. material and sparse holes distribution) and thermodynamic parameters
are the same over the cloth.
The times of balancing the heat andmoisture betweenhumanbody and cloth and between cloth and environment are and
should be neglected. If the five conditions above are satisfied, according to [10,2,3,11–13], we obtain the balance equations
of heat and moisture transfer as follows:
∂Ua
∂t
− 1
τa
∇ · (Da∇Ua) = −ξ1εfΓf + εlΓlg , (1)
∂Ul
∂t
− 1
τl
∇ · (Dl(εl)∇Ul) = −ξ2εfΓf − εlΓlg , (2)
Cv
∂T
∂t
−∇ · (Kmix∇T ) = εfΓf (ξ1λv + ξ2λl)− λlgΓlg (3)
where Ua(x, y, z, t) = Ca(x, y, z, t)εa and Ul(x, y, z, t) = Cl(x, y, z, t)εl (See Fig. 1, λv is the vapor’s heat absorbing or
desorbing ratio on the boundary of the capillarity vessel of a fabric, λl is the water’s heat absorbing or desorbing ratio on the
boundary of the capillarity vessel of a fabric.
ξ1 and ξ2 are the sorption rates of moisture on the capillarity vessel surface of bounding the water vapor and the liquid
water, respectively, i.e., ξ1 = εaε , ξ2 = εfε , ε = εa + εf ,
Γf means the effective sorption rate of the moisture [14], Γf = const.+ a1Ca + a2T , and
Γlg is the evaporation (condensation) rate of liquid water (vapor) [14], Γlg = εaε hlgSv(C∗(T )− Ca).
2.2. Model’s discretization
We use finite volumemethod to discrete ICAD-balance equations. The solution domain isΩ×Ω×Ω = [0, 1]×[0, 1]×
[0, 1]. The x axis means the width, y is the height, and z is the thickness. For convenience, we assume that the space slots in
each direction are equal and denoted by h. We also assume that the time slot is1t . Thus, it has
xi = ih, yj = jh, zk = kh, tl = l1t, 0 ≤ i, j, k ≤ n, l ≥ 0.
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From Eqs. (1)–(3), we have∫
vol
∫ t+1t
t
∂Ua
∂t
dtdvol =
∫ t+1t
t
∫
vol

1
τa
[
∂
∂x

∂Ua
∂x

+ ∂
∂y

∂Ua
∂y

+ ∂
∂z

∂Ua
∂z
]
− ξ1εfΓf + εlΓlg

dvoldt (4)∫
vol
∫ t+1t
t
∂Ul
∂t
dtdvol =
∫ t+1t
t
∫
vol

1
τa
[
∂
∂x

∂Ul
∂x

+ ∂
∂y

∂Ul
∂y

+ ∂
∂z

∂Ul
∂z
]
− ξ2εfΓf + εlΓlg

dvoldt (5)∫
vol
∫ t+1t
t
∂T
∂t
dtdvol =
∫ t+1t
t
∫
vol

1
Cv
[
∂
∂x

Kmix
∂T
∂x

+ ∂
∂y

Kmix
∂T
∂y

+ ∂
∂z

Kmix
∂T
∂z
]
+ εfΓf (ξ1λv + ξ2λl)− λlgΓlg

dvoldt (6)
The following Eqs. (7)–(9) are the discretization version of Eqs. (4)–(6)
(Ua)l+1ijk − (Ua)lijk = 1t

1
τa

(Dax)l+1ijk

(Ua)l+1(i+1)jk − 2(Ua)lijk + (Ua)l+1(i−1)jk
(1x)2

+ (Day)l+1ijk

(Ua)l+1i(j+1)k − 2(Ua)lijk + (Ua)l+1i(j−1)k
(1y)2

+ (Daz)l+1ijk

(Ua)l+1ij(k+1) − 2(Ua)lijk + (Ua)l+1ij(k−1)
(1z)2

+ [−ξ1εf (Γf )l+1ijk + εl(Γlg)l+1ijk ] − [−ξ1εf (Γf )lijk + εl(Γlg)lijk] (7)
(Ul)l+1ijk − (Ul)lijk = 1t

1
τa

(Dlx)l+1ijk

(Ul)l+1(i+1)jk − 2(Ul)lijk + (Ul)l+1(i−1)jk
(1x)2

+ (Dly)l+1ijk

(Ul)l+1i(j+1)k − 2(Ul)lijk + (Ul)l+1i(j−1)k
(1y)2

+ (Dlz)l+1ijk

(Ul)l+1ij(k+1) − 2(Ul)lijk + (Ul)l+1ij(k−1)
(1z)2

+ [−ξ2εf (Γf )l+1ijk + εl(Γlg)l+1ijk ] − [−ξ2εf (Γf )lijk + εl(Γlg)lijk] (8)
(T )l+1ijk − (T )lijk = 1t

1
Cv

((Kmix)x)l+1ijk

(T )l+1(i+1)jk − 2(T )lijk + (T )l+1(i−1)jk
(1x)2

+ ((Kmix)y)l+1ijk

(T )l+1i(j+1)k − 2(T )lijk + (T )l+1i(j−1)k
(1y)2

+ ((Kmix)z)l+1ijk

(T )l+1ij(k+1) − 2(T )lijk + (T )l+1ij(k−1)
(1z)2

+ [εf (Γf )l+1ijk (ξ1λv + ξ2λl)− λlg(Γlg)l+1ijk ] − [εf (Γf )lijk(ξ1λv + ξ2λl)− λlg(Γlg)lijk]. (9)
Γf and Γlg can be discretized as follows
(Γf )
l
ijk = const.+ a1(Ca)lijk + a2(T )lijk, (10)
(Γlg)
l
ijk =
εa
ε
hlg sv((C∗(T l+1ijk )− C∗(T lijk))− ((Ca)l+1ijk − (Ca)lijk)). (11)
3. Use L-surface and its blossom to construct human body models
3.1. The explicit definition of rational L-surface
The definition of rational L-surface was given in Refs. [4–6]. To fit the application in heat and moisture transfer balance
theory of garment simulation, we give a new explicit definition of rational L-surface.
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Fig. 2. The recurrence pyramid of 3*3 degree rational L-surface (αi + vj means αi+vjαi+βj , βi + vj means
βi−vj
αi+βj ).
Definition 1. Given (n + 1) ∗ (m + 1) points Pij (i = 0 . . . n, j = 0 . . .m) in three-dimensional space and the parameters
αi, βk, γ , ωj, ξl, ε(i = 0 . . . n − 1, k = i + 1 . . . n, j = 0 . . .m − 1, l = j + 1 . . .m). Suppose γαi + (1 − γ )βj ≠ 0 and
εωk + (1− ε)ξl ≠ 0, then the definition of rational L-surface is given by
Lk,lij (u, v) =

Pij, k = 0, l = 0, i = 0 . . . n, j = 0 . . .m,
[λi,k(u), µi,k(u)]

Lk−1,l−1i,j (u, v) L
k−1,l−1
i,(j+1) (u, v)
Lk−1,l−1i+1,j (u, v) L
k−1,l−1
i+1,j+1 (u, v)
[
φj,l(v)
ϕj,l(v)
]
u, v ∈ [a, b] × [c, d], k = 0 . . . n, i = 0 . . . n− k, l = 0 . . .m, j = 0 . . .m− l, (12)
where
λi,k(u) = γ (αi + u)
γ αi + (1− γ )βk , µi,k(u) =
(1− γ )βk − γ u
γα+i (1− γ )βi
,
φj,l(v) = ε(ωj + v)
εω+j (1− ε)ξl
, ϕj,l(v) = (1− ε)ξj − εv
εωj + (1− ε)ξl . (13)
It is easy to prove that λi,k(u)+ µi,k(u) = φj,l(v)+ ϕj,l(v) = 1.
For simplification, we abbreviate Lm,n0,0 (u, v) to L(u, v)when no confusion arises.
Definition 2. L(u, v) is called a standard rational L-surface if γ = ε = 12 . In this case,
λi,k(u) = αi + u
αi + βk , µi,k(u) =
βk − u
αi + βk , φj,l(v) =
ωj + v
ωj + ξl , ϕj,l(v) =
ξl − v
ωj + ξl . (14)
3.2. The blossom method of rational L-surface in Grassmann space
The blossom method [15] converts a single variable higher-order polynomial to a multivariate lower-order polynomial
to simplify the calculation. L(u, v) is a rational L-surface of degree n×m and the pyramid of blossom is illustrated by Fig. 2.
Theorem 1. The recursion equations of rational L-surface can be written as follows:
L(u, v) =

α1 + u
α1 + β1 ,
β1 − u
α1 + β1

⊗ · · · ⊗

αn + u
αn + βn ,
βn − u
αn + βn

× P

ω1 + v
ω1 + ξ1 ,
ξ1 − v
ω1 + ξ1

⊗ · · · ⊗

αm + u
αm + βm ,
βm − u
αm + βm
T
, (15)
where P =
P00 P01 . . . P0m
P10 P11 . . . P1m
. . . . . .
Pn0 Pn1 . . . Pnm

and (a, b)⊗ (c, d) = (ac + ad, bc + bd) is the discrete convolution.
984 G. Lin et al. / Journal of Computational and Applied Mathematics 236 (2011) 980–987
We respectively use σ1, . . . , σn and δ1, . . . , δm to substitute u and v to obtain the blossom form of (13) as follows:
l(σ1, . . . , σn; δ1, . . . , δm) =

α1 + σ1
α1 + β1 ,
β1 − σ1
α1 + β1

⊗ · · · ⊗

αn + σn
αn + βn ,
βn − σn
αn + βn

× P

ω1 + δ1
ω1 + ξ1 ,
ξ1 − δ1
ω1 + ξ1

⊗ · · · ⊗

αm + δm
αm + βm ,
βm − δm
αm + βm
T
. (16)
3.3. The frequently used surfaces produced from rational L-surfaces
Rational L-surface can be easily used to produce some most commonly used surfaces, such as the Bezier surface, the
B-spline surface, and the non-uniform rational spline surface.
Theorem 2. A Bezier surface is a rational L-surface.
Proof. In fact, the Bezier surface can be written as
Bk,lij (u, v) =

Pij, k = 0, l = 0, i = 0 . . . n, j = 0 . . .m
[u, 1− u]

Bk−1,l−1i,j (u, v) B
k−1,l−1
i,(j+1) (u, v)
Bk−1,l−1i+1,j (u, v) B
k−1,l−1
i+1,j+1 (u, v)
[
v
1− v
]
u, v ∈ [a, b] × [c, d], i = 0 . . . n− k, k = 0 . . . n, j = 0 . . .m− l, l = 0 . . .m
(17)
According to Definition 1, when αi = 0, βk = 1, we obtain
λi,k(u) = αi + u
αi + βk = u, µi,k(u) =
βk − u
αi + βk = 1− u. (18)
Similarly, when ωj = 0, ξl = 1, we have ωj = v, ξl = 1− v.
So, the Bezier surface is a rational L-surface.
Similarly, it is easy to prove the following Theorems 3–5.
Theorem 3. A B-spline surface is a rational L-surface.
Theorem 4. A non-uniform B-spline surface is a rational L-surface.
Theorem 5. A Rational non-uniform B-spline surface is a rational L-surface.
4. The initial and boundary conditions of heat and moisture transfer
For insulated boundaries (see Fig. 1), we have
Dax
∂Ua
∂x

x=0 or x=1
= Day ∂Ua
∂x

y=0 or y=1
= Dlx ∂Ul
∂x

x=0 or x=1
= Dly ∂Ul
∂x

y=0 or y=1
= 0 (19)
(Kmix)x
∂T
∂x

x=0 or x=1
= (Kmix)y ∂T
∂x

y=0 or y=1
= 0. (20)
And for flux boundaries (see Fig. 1), from [16], we have
Daz
∂Ua
∂z

z=0
= εa
εa + εl hv((Ca)0 − (Ca)env), Daz
∂Ua
∂z

z=1
= εa
εa + εl hv((Ca)1 − (Ca)sk) (21)
Dlz
∂Ul
∂z

z=0
= εa
εa + εl s
′
vhlg(C
∗(T0)− (Ca)0), Dlz ∂Ul
∂z

z=1
= εa
εa + εl s
′
vhlg(C
∗(T1)− (Ca)1) (22)
(Kmix)z
∂T
∂z

z=0
= hv0(T0 − Tenv), (Kmix)z ∂T
∂z

z=0
= hv1(T1 − Tsk). (23)
The initializations of parameters are listed in Table 1.
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Table 1
The initializations of parameters [17–19].
Symbol Physical meaning Initialization
ρ Density of the fibers 1.1× 103
Df Diffusion coefficient of water vapor in the fibers of the fabric 5× 10−13
θ Contact angle of the liquid water on the fiber surface 80
ε Porosity of the fabric 0.90
Da Diffusion coefficient of water vapor in the fibers of the fabric 2.5× 10−5
γ Surface tension of liquid water 3× 103
λv Heat of sorption or desorption of vapor by fibers 2522.0
λl Heat of sorption or desorption of liquid by fibers 2260.0
a b
c d
e f
Fig. 3. The simulation of relative humidity change (a) t = 3 s, (b) t = 5 s, (c) t = 8 s, (d) t = 10 s, (e) t = 13 s, (f) t = 15 s.
5. The heat and moisture transfer simulation results
5.1. Simulation in two-dimensional case
According to the ICAD-balance Eqs. (7)–(9), we simulate the transfer processes of heat and water vapor between cloths
and human body, respectively lasting 15 s. The simulation results of RH (relative humidity) are shown in Fig. 3. We find that
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a b
Fig. 4. (a) The temperature distortion, (b) The moisture distortion.
the relative humidity changes faster when the point closing to the human skin. This is the expected result that coincides
with our experience.
5.2. The simulation results of human body model
In the SYS-ICAD application system,1 three-dimensional digital model is used to simulate the heat and moisture transfer
process in body–environment–fabric system. The simulation results of the heat and moisture transfer process produced by
this system is shown in Fig. 4(a) and (b).
From Fig. 4(a) we found that the heat transfer is not even over all the body. The body surface temperature is between
303.341 and 303.345 K. In fact, our results can reach eight significant digits in the fractional part, but the results shown in
Fig. 4(a) and (b) are automatically truncated into three significant digits. Intuitively, it can be seen that yellow, green and
red are widely distributed, but the blue ingredient is much less than that of yellow, green and red. The red color represents
the temperature of the range [303.3446; 303.34464], the yellow color represents the range [303.34363, 303.34369], and the
green color represents the range [303.34277; 303.3428].
Fig. 4(b) shows that the humidity are mainly distributed in the range [0.817433, 0.817490]. Similarly, only three
significant digits are shown the figure. In contrast to Fig. 4(a), the distribution of humidity (represented by colors) is mainly
composed of red and yellow colors. The red color represents the humidity of the range [0.81748402; 0.81748405] and the
yellow color represents the range [0.81747502; 0.81747505]. In fact, these two colors occupy more than 65% of the total
body surface, because that skin absorbing water vapor results that the local humidity on the skin is obvious higher than the
external. This is consistent with the common sense [1].
6. Conclusion
In this paper, a new explicit definition of rational L-surface is given. And then we use the blossom method to produce
the surface in Grassmann space. We prove that the rational L-surface provides a uniform method to construct the Bezier
surface, the B-spline surface and the non-uniform B-spline surface. The rational L-surface is used to establish humanmodels
to analyze the heat and moisture balance theory in garment simulation. In the heat and moisture transfer balance theory,
the laws of mass conservation and energy conservation, and the capillarity are used to obtain the ICAD-balance equations.
The ICAD-balance equations are solved by the finite volume method. Both system simulation and experiment results show
that the equations can efficiently simulate the reality.
1 You Fang et al. SYS-ICA Digitized System.
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